Abstract. Heroin and methamphetamine (METH) addiction continues to be a major social, economic and therapeutic problem worldwide. The opioid pathway may mediate the effects of addictive drugs. However, the potential correlation between the κ1 opioid receptor (OPRK1) and drug addiction has not yet been characterized. The aim of the present study was to investigate the potential association between methylation of the OPRK1 promoter and substance abuse. Bisulfite pyrosequencing technology was used to determine the levels of OPRK1 promoter methylation in 60 drug abusers (30 heroin and 30 METH addicts) and 52 controls, observed to exhibit no significant differences in age or gender. The results indicated that levels of OPRK1 promoter methylation were significantly higher in drug addicts when compared with controls (P=2.43x10 -4 ). Significant correlations between OPRK1 promoter methylation and the length and frequency of drug use were also observed in male heroin addicts (length: r=0.661, P=0.007; frequency: r=-0.684, P=0.005). In addition, a luciferase reporter gene assay indicated that the OPRK1 promoter fragment was able to regulate gene expression (fold change between two groups >32.12, P≤0.0001). In conclusion, results of the present study indicate that methylation of the OPRK1 promoter contributes to the pathophysiology of drug addiction.
Introduction
Drug addiction is a costly and disabling condition, which arises from the combined effects of genetic and environmental interactions. Addicts are characterized by uncontrollable drug-taking and drug-seeking behaviors, and have a high likelihood of relapse for an extensive period after the cessation of drug use (1) . The number of heroin addicts worldwide has been increasing substantially, and the rate of heroin users aged >12 years increased from 0.16% between 2002 and 2004 to 0.26% between 2011 and 2013 in the United States (2) . Recently, there has been a marked increase in the use of a novel drug in China, termed methamphetamine (METH), and at the end of 2012, there were ~0.41 million registered METH addicts nationwide, accounting for 23% of all drug addicts (3) . The rate of METH use is second only to the rate of heroin use (3) . Both heroin and METH addictions may cause a number of social problems, including the spread of human immunodeficiency virus (4) .
Opioid receptors are important in the development and maintenance of addiction, dysphoria and reward mechanisms in the brain (5) . Increased methylation of the µ1 opioid receptor promoter has been identified in the lymphocytes of former heroin users on methadone maintenance (6) . OPRK1 encodes the κ1 opioid receptor, which is a member of the opioid family. Genetic polymorphisms in OPRK1 have been associated with alcohol dependence (7, 8) , body weight and opioid withdrawal symptoms (8) .
Epigenetics is defined as the investigation of heritable changes in gene transcription and phenotypic alterations that are independent of DNA sequence changes (9) . DNA methylation is among the most commonly studied epigenetic mechanisms (10) , and is typically represented by covalent modifications at the 5-position of cytosine to form 5-methylcytosine (11) (12) (13) (14) (15) (16) (17) (18) . In addition, a previous study demonstrated that methylation of brain-derived neurotrophic factor was correlated with heroin and METH addiction (19) , suggesting that the blockade of drug effects on epigenetic markers may be useful in the treatment of drug addiction. The aim of the present study was to investigate the potential association between OPRK1 promoter methylation and drug addiction. DNA methylation assay. DNA extraction and quality tests were performed as described previously (21) . The level of DNA methylation was measured using bisulfite pyrosequencing technology which combined sodium bisulfite DNA conversion chemistry (EZ DNA Methylation-Gold™ kit), polymerase chain reaction (PCR) amplification (Zymo Taq™ PCR PreMix; both from Zymo Research Corporation, Irvine, CA, USA) and sequencing by synthesis assay (Pyromark Gold Q24 Reagents; Qiagen, Hilden, Germany) as previously described (22) . A fragment containing 7 CpG sites from OPRK1 promoter was used to represent the DNA methylation of OPRK1 promoter. Primers for PCR were designed PyroMark Assay Design software, version 2.0 as described previously (Qiagen) (23) . Each PCR reaction consisted of 10 µl 2xPCR PreMix (Zymo Taq™ PCR PreMix), 0.5 µl forward primer (10 µM), 0.5 µl reversed primer (10 µM), 1 µl template DNA, and 8 µl water. PCR was completed as follows, for 45 cycles; 95˚C for 30 sec, 58˚C for 40 sec and 72˚C for 50 sec, followed by 72˚C for 7 min. The sequences used for target gene (OPRK1) amplification were 5'-biotin-TTA GTA TTT AAG AGG AAA AGG GAA AGT TGT-3' for the forward primer and 5'-CCC CCA TCA TAA CTA AAA ATC T-3' for the reverse primer, and 5'-GGG AAA GTT GTT GGG-3' for the sequencing primer for pyrosequencing. The methylation level was obtained directly via PyroMark Assay Design software 2.0.
Materials and methods

Subjects
Construction of recombinant plasmids.
One long fragment (OPRK1 L) and one short fragment (OPRK1 S) from the OPRK1 promoter region were selected for a luciferase reporter gene assay (24) . The OPRK1 L fragment contained the pyrosequenced sequence, while the OPRK1 S fragment did not. The following primers were used to amplify OPRK1 L: Forward, 5'-CGG GGT ACC GGC CGG TGC CTA GAA TT-3' and reverse, 5'-CTA GCT AGC GCC TGA CCC TCA CTC CCT-3'. The following primers were used to amplify OPRK1 S: Forward, 5'-CGG GGT ACC GGC CGG TGC CTA GAA TT-3' and reverse, 5'-CTA GCT AGC CAA GCC CAC GAC GAA CAC-3'. The PCR reaction was performed using Taq DNA Polymerase TQ2100 (Omega Bio-Tek, Inc., Norcross, GA, USA) according to manufacturer's instructions. PCR conditions used were as follows: 95˚C for 10 min and then 35 cycles of 98˚C for 10 sec, 65˚C for 15 sec and 72˚C for 1 min; followed by a further 10 min extension at 72˚C. The pGL3-Basic vector (Promega Corporation, Madison, WI, USA) lacked the eukaryotic promoter and enhancer sequence that allowed maximum flexibility in cloning putative regulatory sequences. A gel extraction kit (Omega Bio-Tek, Inc.) was used to gel purify the PCR products according to the manufacturer's protocol, which were subsequently quantified using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Then the purified PCR products were digested with NheI (5'-G^CTAGC-3') and Kpn1 (5'-GGTAC^C-3'; New England Biolabs, Inc., Ipswich, MA, USA) and cloned into a pGL3-Basic vector, which had luc + gene using a DNA ligation kit (Takara Bio, Inc., Otsu, Japan) following the manufacturer's protocol. The total volume for each double digestion reaction was 50 µl including 5 µl buffer, 1 µl NheI (20,000 U/ml), 1 µl Kpn1 (20,000 U/ml), 30 µl PCR product or 5 µl pGL3 plasmid DNA (as the control) and water up to 50 µl. The double digestion was performed in 37˚C water bath for 15 min. All the primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Luciferase reporter gene assay. Human HEK293T cells (American Type Culture Collection, Manassas, VA, USA) were transfected with recombinant plasmids and used in the luciferase reporter gene assay. The protocol was performed as described previously (25) .
Statistical analysis. Statistical analysis was performed using PASW statistics 18.0 software (SPSS, Inc., Chicago, IL, USA). The data were presented as mean ± standard deviation. The mean values of two groups were compared using a Student's t-test. The Pearson's correlation test was used to determine potential associations between OPRK1 promoter methylation and the length and frequency of drug use in male patients. P<0.05 was considered to indicate a statistically significant difference.
Results
Association of 7 CpG sites.
A fragment from the OPRK1 promoter containing seven 5'-C-phosphate-G-3' (CpG) sites was bisulphite pyrosequenced to detect the level of OPRK1 promoter methylation, as depicted in Fig. 1 . Within these seven sites, methylation of a given site was significantly correlated with methylation of any other site (r>0.50, P<0.05; Fig. 1 ).
Therefore, the average level of CpG1-7 methylation was used for subsequent analyses in the present study.
DNA methylation analysis of the different groups. As depicted in Table I and Fig. 2A, OPRK1 promoter methylation was significantly increased in addicts compared with control subjects, and this was also confirmed in subgroup association tests based on gender (total, P=2.43x10 -4 ; male, P=0.004; female, P=0.018). Furthermore, increased levels of methylation were observed in the heroin and METH groups when compared with controls (heroin, P=0.003; METH, P=0.001; Table I and Fig. 2B and C) . Similar trends were observed in the subgroup comparisons based on gender in each drug group (for heroin: male, P=0.016 and female, P=0.085; for METH: male, P=0.033 and female, P=0.034; Table I and Fig. 2B and C) . The non-significant association between OPRK1 methylation and heroin addiction in females may be due to a small sample size (n=30). OPRK1 promoter methylation did not differ significantly between heroin and METH addicts, which was confirmed in gender subgroup comparisons (all P>0.5; Table I and Fig. 2D ).
Correlation analysis between DNA methylation and phenotypic indices in males.
Correlation tests between OPRK1 promoter methylation and phenotypic indices in male subjects were also performed in the present study. The length and frequency of drug use were selected as relevant factors in assessing the situation of addicts. The results indicated that OPRK1 promoter methylation was significantly associated with the length and frequency of drug use in male heroin addicts (length: r= 0.661, P= 0.007; frequency: r=-0.684, P=0.005; Fig. 3 ). No significant association was observed between the phenotypes, including length, frequency and OPRK1 methylation in METH addicts in addition to total addicts (P>0.05; Fig. 3 ).
Functional analysis of target fragment. Furthermore, a subsequent luciferase reporter gene assay demonstrated that both two OPRK1 promoter fragments (OPRK1 L and OPRK1 S) significantly enhanced luciferase gene activity when compared with a control construct (OPRK1 L vs. OPRK1 S, fold change=0.86, P=0.013; OPRK1 L vs. control, fold change=32.19, P=1.30E-5; OPRK1 S vs. control, fold change=37.53, P=1.00E-4; Fig. 4 ).
Discussion
To elucidate the underlying molecular mechanism of OPRK1 in drug addiction, OPRK1 promoter methylation was compared between drug addicts and controls. The results of the present study demonstrated that OPRK1 promoter methylation was significantly higher in addicts than in control subjects. Significant correlations are also identified between OPRK1 promoter methylation and phenotypic indices (length and frequency of drug use) in male heroin addicts. In addition, two OPRK1 promoter fragments (OPRK1 L and OPRK1 S) were able to regulate gene expression.
Heroin is converted back into morphine after it enters the brain (26) . Morphine binds to opioid receptors expressed on the surface of cells, which are particularly involved in the perception of pain and reward mechanisms (27) . In the brain, morphine binds to µ opioid receptors, resulting in euphoric, analgesic and anxiolytic effects (26) . OPRK1 is critical in drug addiction, and OPRK1 agonists have inhibitory effects on addictions to alcohol, cocaine and opiate (28) . Furthermore, several genetic variants of OPRK1 have been associated with heroin addiction (8, 29, 30) . Previous studies have indicated that heritable factors may be important in addictive behavior (8, 31) , and suggest that higher levels of OPRK1 promoter methylation may be associated with heroin addiction. The results of the present study indicate that OPRK1 promoter methylation affects the propensity of individuals to exhibit addictive behaviors.
OPRK1 may influence the stress-induced reinstatement of cocaine-seeking (31, 32) . In a previous study, OPRK1 agonist administration was effective in decreasing cocaine-seeking and self-administration (33) . The influence of OPRK1 in drug addiction may principally be due a marked increase in OPRK1 expression in the nucleus accumbens, which is considered to Table I . Comparisons of OPRK1 promoter methylation levels among different groups. be most strongly associated with addiction in the brain (34) . Numerous other factors have also been associated with heroin addiction, including the method of administration (35) and heroin purity (36) . Furthermore, a prolonged duration of heroin usage has been associated with heroin addiction and mortality (37) . In the present study, OPRK1 promoter methylation was associated with a longer duration and lower frequency of drug use in male heroin addicts. METH is a potent central nervous stimulant, and is commonly used as a recreational drug (38) . METH may affect the processing and function of monoamines through its effects on the dopamine transporter, monoamine oxidases and vesicular monoamine transporter-2, and inhibition of these molecules by METH has been associated with increased levels of presynaptic cytosolic dopamine and euphoria (39) . In the present study, significantly higher OPRK1 promoter methylation was observed in METH addicts when compared with controls, indicating that OPRK1 promoter methylation may serve a pivotal role in METH addiction. In addition, OPRK1 promoter hypermethylation may increase the risk of neurological disease through its regulation of gene expression (25) . The present in vitro assay verified that OPRK1 promoter fragments (including OPRK1 S and OPRK1 L) were able to regulate gene expression. OPRK1 S exhibits a greater efficacy, compared with OPRK1 L, which indicates that the target fragment may repress the expression of the backward gene. Further functional experiments are required to elucidate the detailed mechanism that controls this expression.
P-value ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
However, the present study had several limitations. Firstly, the sample size was relatively small, which may have affected the outcomes of data analysis, particularly regarding the subgroup analyses. Secondly, the POMS records of female addicts were not available, and thus correlations between OPRK1 methylation and the length and frequency of drug use require further investigation in female addicts. Finally, the present study only assessed the DNA methylation of an OPRK1 promoter fragment, which may not be representative of the whole gene.
In conclusion, the present study suggested that OPRK1 promoter hypermethylation was associated with an increased risk of heroin and METH addiction. Furthermore, OPRK1 hypermethylation was associated with a longer duration and lower frequency of drug use in male heroin addicts. Future studies using larger samples and other populations are now required to confirm the observations of the present study.
